The mobilities of holes injected into n-type germanium and of electrons injected into p-type germanium have been determined by measuring transit times between emitter and collector in single crystal rods. Strong electric 6elds in addition to those due to injected current were employed so that spreading sects due to diffusion were reduced. The mobilities at 300'K are 1700 cm'/volt-sec for holes and 3600 cm'/volt-sec for electrons with an error of probably less than five percent. The value for electrons is about 20 percent higher than the best estimates obtained from the conventional interpretation of the Hall e6ect and the difference may be due to curved energy band surfaces in the Brillouin zone. Studies of rates of decay indicate that recombination of holes and electrons takes place largely on the surface of small samples with constants varying from 10' to &104 cm/sec for special treatments.
I. INTRODUCTION
A S a result of new experimental techniques' developed in connection with the transistor' program, the speed with which holes and electrons drift in electric fields in germanium can now be measured with an accuracy suKcient to determine their mobilities to within a few percent. The basic phenomena which permit these new experiments to be performed are those of carrier injection' and collector action with the aid of the former, holes or electrons can be injected at a given place and time, and with the aid of the latter their arrival time at another point can be determined.
It should be emphasized that transit time Ineasurements determine drift mobility in a very direct way.
Hall e6'ect measurements, which have previously been used to determine mobilities in semiconductors, are quite indirect. The relationship between Hall mobility, defined by the angle between current and electric vectors in unit magnetic field, and true mobility involves the detailed nature of the scattering processes and energy band shapes and only under special conditions does the ratio have the conventional value of 3~/8. It now appears probable that a real deviation from the simple ratio 3m. /8 occurs for electrons in germanium and that this is associated with energy band shapes. 4 
II. SIMPLE CIRCUIT ARRANGEMENT FOR MOBILITY STUDIES
electrical contact. A battery is placed in series with these plated contacts so that a direct current I~, called the sweeping current, Rows downward in the crystal producing electric field in the same direction. Four phosphor bronze points are placed in contact with the germanium with the aid of a micromanipulator.
A relay and a battery are placed in series with the points o that when the relay is closed a current I, Rows from the point into the gerrnaniurn making this point an emitter of positive holes. In series with the point C is placed a resistance R1 and a battery, so that this point is biased negatively with respect to the germanium, as is a collector in a type A transistor. The other two points I'1 and I'2 are used as probes to measure the potential difference in the germanium crystal between the emitter and collector points. The input amplifier of a cathode-ray oscilloscope is connected across the resistance R~. This resistance has a value which is small compared with the impedance of the collector point so that the voltage applied to the oscilloscope is proportional to the admittance of the point. At a certain instant of time a positive pulse of-current is applied to the emitter point by closing the relay. Holes enter the crystal at this time and are swept down to the collector in the electric field produced by the combined Is P The essence of the technique described in this paper is incorporated in the circuit shown in Fig. 1 . A rod of n-type germanium, cut from a single crystal, is provided with rhodium-plated contracts at either end for good n +eo tl)a n -TyPE GERMANIUM CRYSTAL~2
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' Pearson, Haynes, and Shockley, Phys. Rev. 78, 295 (1950 The hole injection from the emitter point stops abruptly when the relay is opened. The photograph shown in Fig. 3 was obtained with the oscilloscope synchronized to this time. The initial short drop which occurs when the relay opens is analogous to the initial rise obtained at the start of hole injection and is due to the stop of emitter current. After this initial drop the signal remains nearly constant~for 60 @sec until the holes are swept past the collector when the signal voltage drops, reaching a minimum in 120 p, sec. This drop in signal voltage owing to hole wave departure has been shown to be proportional to the hole density departing from the germanium is the immediate region of the collector point. '
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relay was closed or opened was found by connecting the oscilloscope across R2 instead of E& (Fig. 1 ).
Although this time was shown to be a small fraction of a microsecond, the hole arrival and departure wave fronts are seen to be spread out over some 30 psec. This "softening" of these waves has been found to be quantitatively that to be expected from random diffusion.
When the emitter current is made suKciently small so that the conductivity modulation can be neglected, ' the shape of these characteristics' is given by the customary integral of the error function, such as is met with in heat Bow problems, and diffusion takes place to equal degrees behind and ahead of the average portion of the wave fronts. For this reason the transit time required for the holes to pass from the emitter to the collector has been taken as the time at which the wave reaches half-maximum on arrival and half-minimum on departure.
IV. ELECTRIC FIELD ASSOCIATED WITH
MEASURED TRANSIT TIME
The electric 6eld in the germanium crystal during the time that the hole arrival characteristic was obtained ( Fig. 2) was somewhat greater than that for the hole departure wave characteristic (Fig. 3) Fig. 5 for four diGerent samples, details of the individual specimens being given in the legend. It will be observed that some are n-type and some or p-type. One of the most satisfactory of the latter samples was produced by the addition of gallium to the melt from which the crystals are widthdrawn. (1949}. ' The justi6cation of the use of the variation of mobility with temperature as determined by the measurement of the Hall coefficient and the conductivity supposes only that for a single sample the mobility so derived is proportional to the true mobility. " In the measurements using pulse techniques (to be described later) hT never exceeded 3'C with an even lovrer uncertainty in temperature and mobility. This point was then "formed" " to lower its impedance.
Under these conditions a nearly straight line trace down the center of the tube was obtained as indicated by the dotted line shown in Fig. 6 . This zero potential line was traced carefully on the tube. The point P& was then placed opposite to the emitter point and also "formed. "
The measurement of the potential between P~and Pf or any part of the characteristic was then found bỹ J. Bardeen Some ambiguity exists, however, in the electric field to be associated with the measured transit time. This is because, owing to conductivity modulation of the germanium by the injected carriers, the electric 6eld is constantly changing during hole wave arrival and departure. The state of afFairs is indicated by the characteristic obtained on the oscilloscope tube connected to the probe points P'~a nd P2. Such a characteristic typical of those obtained using large emitter currents is shown in the drawing of Fig. 7 Experimentally, the Hall eGect and the drift velocity shouM measure the quantities described by the preceding theoretica1. concepts for p,~and p~. In addition, a condectieity mobility p0 can be measured by adding known amounts of impurity which thus adds known numbers of carriers;" from these known numbers and the measured conductivity a mobility can also be determined. In germanium at room temperature, the fraction of the carriers trapped on donors and acceptors is negligible, and p~, p, , and p,, shouM all be equal. The sum of the drift mobility for electrons~"and p~" for holes may also be determined from photo-conductivity experiments assuming 100 percent quantum eKciency.
In this determination it is assumed that each photon absorbed creates one hole-electron pair which persists on the average for the lifetime of a hole which may be independently measured.~~Since the quantum efBciency can be less than 100 percent, this measurement gives
